River red gum (Eucalyptus camaldulensis Dehnh.), the most commonly planted eucalypt species globally, has several advantages and is widely used for many purposes, which makes the tree important. Mycorrhizal establishment in eucalyptus has been known for many years, and the benefits of this symbiosis have been commercially explored. The main goal of this research was to assess the diversity and distribution of arbuscular mycorrhizal fungi (AMF) on eucalyptus planted in agricultural fields in the rainy and dry season. Fields were chosen in ten different sites located in four provinces in the northeast of Thailand. Rhizosphere soil and root samples were collected and the number of AMF spores and AMF root colonization were assessed. The number of AMF spores was higher in the rainy season than in the dry season, while AMF root colonization was higher in the dry season than in the rainy season. On the basis of morphological identification of AMF, a total of 35 AMF fungal taxa in eight genera were identified, ten belonging to Acaulospora, one to Dentiscutata, one to Entrophospora, 16 to Glomus, three to Gigaspora, one to Racocetra, two to Scutellospora, and one to Septoglomus. Glomus was the dominant genus followed by Acaulospora. Relative abundance, and frequency of occurrence were higher in the rainy season than in the dry season. Racocetra fulgida was the most common species with a frequency of occurrence of 90% in rainy season, and 80% in dry season. Species richness, Simpson's index of dominance and ShannonWiener index of diversity were not significantly different between both seasons.
Introduction
The genus Eucalyptus (Myrtaceae) is a species-rich (more than 700 species) genus that is widely distributed in Australia. Of the different species, E. camaldulensis Dehnh. (river red gum; also known as eucalyptus) has been the most widely used species in plantation forestry. This 284 provinces, viz., Khon Kaen (KKN); Chaiyaphum (CMP); Udon Thani (UDN); and Nongbualamphu (NBP) as shown in Table 1 . Table 1 Geographic location of the ten research sites.
Geography
Study site*
KKN-MC1

KKN-MC2
KKN-BH
CMP-BK1
CMP-BK2
CMP-BK3
CMP-MC
UDN-NW
NBP-SB
NBP-MN
Latitude
N16º16' N16° 15' N15º45' N15º49' N15º49' N15º49' N15º49' N17° 15' N17º 8' N17º15' Longitude E102º36' E102°38' E103º10' E107º48' E107º48' E107º48' E107º56' E102°34' E102º11' E102º34' Soil physic-chemical analysis Soil pH was determined in soil paste (1:1) using a digital pH meter, Organic matter (OM) content or readily oxidizable carbon was measured by Walkley-Black method (Walkley & Black, 1934) , available P by Bray II method (Olsen & Dean, 1965) , exchangeable K by 1 N NH4OAc (Pratt 1965) . Soil moisture was determined after drying 10 g fresh soil at 105°C for 24 h in a hotair oven.
Root and soil samples
Rhizosphere soils and roots of eucalypts were collected from 0-15 cm depth in agricultural eucalyptus fields in the rainy (June to September 2014) and dry (January to April 2015) season. Samples of root-zone soil (each approximately 5 kg) surrounding eucalypt plants, along with fine roots, were collected at the central area (5 m x5 m) of three eucalyptus plots at each of the 10 sites, with internal replicates from each plot. Root and soil samples were kept on plastic bags and further studied at the laboratory.
Estimation of AMF root colonization
The root samples were stained following the methods described by Koske & Gemma (1989) . Root samples were washed thoroughly with tap water and cleared in 2.5 % KOH for 1 hour at 90°C, acidified with 1 % HCl and stained overnight in acetic glycerine solution with 0.05 % Trypan blue. The assessment of mycorrhizal colonization was done by the slide method; root segments were selected randomly from the stained samples. The stained roots were then observed under a compound microscope at 40-100x magnification under a Nikon Eclipse50i microscope with an automatic photomicrographic system for the presence of AMF structures. The percentage of root colonization by AMF was determined using the method by Trouvelot et al. (1985) .
AMF spore quantification, isolation and identification
Spores of AMF were extracted and separated from soil using the wet-sieving and decanting technique as described by Gerdemann & Nicolson (1963) . A suspension of 100 g of dry soil in water was decanted through a series of sieves with the following aperture, 250 µm, 125 µm, 90 µm and 63 µm, and the spores from bottom sieve of each sieve size were collected in Petri dishes and counted under a stereomicroscope (Olympus SZ30). Spores were isolated, mounted on slides with polyvinyl alcohol-lactic acid-glycerol (PVLG), for identification of AMF species. AMF spores were identified based on morphological characteristics such as shape, colour, size, type and number of spore walls, bulbous suspensor, observed under a light microscope ranging from 10-100x magnification. Species identification was performed with the Manual for the identification of VA mycorrhizal fungi of Schenck & Perez (1990) and International culture collection of vesicular and arbuscular mycorrhizal fungi INVAM (http://www.invam.caf.wvu.edu).
Distribution of AMF spores and diversity index
Species richness (SR), relative abundance (RA) and isolation frequency (IF) of AMF were expressed as follows: species richness was determined for each of the ten sites; relative abundance was the number of AMF spores of a species divided by the total spores in a season ×100; and isolation frequency was the number of sites where the AMF species was observed divided by the total number of sites ×100 (Shi et al. 2006 ). In addition, AMF diversity was evaluated through Simpson's index of dominance:
( ni/N) 2 (Simpson 1949) and Shannon-Wiener index of diversity: (Shannon & Wiener 1963) , where i is the individual species, and p is the proportion of spores belonging to the i th species.
Statistical data analysis
Statistical analyses were performed with the Statistical Package for Statistics version 8.0 AMF root colonization and number of AMF spores were analyzed by one-way analysis of variance (ANOVA). Significantly different means were separated by least significant difference (LSD) test, with significant differences set at P≤0.05. The relationships between number of AMF spores and percentage of root colonization in each season were analyzed by Pearson's correlation coefficient.
Results
Soil characteristics
Results of the soil analyses are provided in Table 2 All sites were acidic (pH ranging from 4.0-5.7). Organic matter (OM) ranged from 0.8 to 4.6 g kg -1 , Nitrogen (N) ranged from 0.04 to 0.23 g kg -1 , Phosphorus (P) ranged from 3.09 to 39.60 mg kg -1 and Potassium (K) ranged from 5.38 to 25 mg kg -1
. Moisture in rainy and dry season ranged from 10.13 to 16.73 % and from 1.45 to 8.37 %, respectively. (Phosri et al. 2010 ); P<10 mg kg -1 is Low (L), P ranging between 11 and 25 mg kg is medium (M), P ranging between 26 and 45 mg kg -1 is High (H).
Arbuscular mycorrhizal root colonization AMF colonization of eucalyptus root showed a large variation between different sites (Table  3 ). In the dry season, root colonization ranged from 10 to 38 % with the highest colonization in CMP-MC (38 %) and lowest colonization in KKN-BH (10 %). In the rainy season, root colonization ranged from 1 to 15 % with the highest colonization in KKN-MC2 (15 %) and lowest colonization in CMP-BK1 (1 %). AMF root colonization in dry season was significantly higher than in rainy season (P<0.001). Colonization in the dry and rainy season was not correlated (P>0.05). Colonization in the dry season was significantly positively correlated with pH (r = 0.80; P = 0.005).
Number of AMF spores
A higher number of AMF spores in the rhizosphere of eucalyptus was observed in the rainy season than in the dry season (P = 0.02). Highest number of spores in the rainy season was found in the site CMP-MC (82 spores g -1 dry soil), and highest number of spores in the dry season was found in site CMP-BK1 (18 spores g -1 dry soil). However, in the dry season there were no significant differences in spore numbers between sites (Table 3) . Spore numbers in the rainy and dry season were not significantly correlated (P>0.05). Spore numbers in the rainy season were marginally significantly correlated with AMF root colonization in the dry season (r = 0.60; P = 0.07). AMF species diversity and distribution of spores A total of 35 AMF species belonging to 8 genera (Acaulospora (10 species), Dentiscutata (1 species), Entrophospora (1 species), Glomus (16 species), Gigaspora (3 species), Racocetra (1 species), Scutellospora (2 species) and Septoglomus (1 species)) were identified on the basis of their morphological characteristics (Table 4 ). The dominant genera were Glomus, followed by Acaulospora. In both seasons, Racocetra fulgida was the most widely distributed, with isolation frequency (IF) in the rainy and dry season of 80 % and 90 %, respectively. Some AMF species were only found in one season, namely, Acaulospora sporocarpia, Acaulospora sp.3, Entrophospora nevadensis, Glomus macrocarpum, G. magnicaule and Glomus sp.4, which were found only in the rainy season. In contrast, Acaulospora denticulata, Acaulospora sp. 4, Dentiscutata nigerita, Scutellospora heterogama, S. persica and Septoglomus altomontanum were found only in the dry season. Based on relative abundance (RA), in the rainy season G. etunicatum was most abundant (19.08 %) followed by A. mellea (11.17 %) and A. delicata (11.14 %). The most abundant taxa in the dry season were A. mellea (11.72 %), followed by R. fulgida (10.40 %), G. etunicatum (8.61 %) and A. delicata (7.66 %), respectively (Table 4) .
Averaged per site (Table 5 ), species richness was not different between the rainy season (6.5 species; range 5-10 species) and the dry season (average 6.6 species; range 4-10 species). In the rainy season the highest number of species was found in NBP-MN, in the dry season the highest species number was found in CMP-MC. Species richness in the rainy and dry season were not significantly correlated (P = 0.37). Species richness in the rainy season was significantly negatively correlated with spore number in the dry season (r = -0.83; P = 0.003), whereas species richness in the dry season was significantly positively correlated with spore number in the dry season (r = 0.68; P = 0.03). Table 5 . Neither D nor H' were significantly different between the rainy and dry season (P = 0.14 in both cases). D and H' were significantly negatively correlated in both seasons (P<0.001 in both cases). Species richness was significantly correlated with H' in both seasons (rainy season: r = 0.77, P = 0.01; dry season: r = 0.63, P = 0.05). H' in the rainy season was significantly negatively correlated with spore number in the dry season (r = -0.75; P = 0.01). 
Species diversity of AMF expressed by Simpson's index of dominance (D) and Shannon-Wiener index of diversity (H') is presented in
Discussion
In our study, AMF colonization of eucalyptus roots showed a wide range in different seasons and different sites. AMF root colonization was higher in the dry season than in the rainy season. In contrast, the number of AMF spores in the rhizosphere of eucalyptus was higher in the rainy season and lower in the dry season (Table 3) (2000) equally showed higher AMF root colonization in roots of old eucalyptus (over 15-years old) in the dry season than in the rainy season. However, our results were obtained from young eucalypt trees (2-5-years old). Siqueira (1993) stated that cyclical changes in soil moisture stimulated AMF sporulation. In pot cultures drought induces sporulation by AMF. Our field data showed the opposite pattern. Our data agree with those from Radhika & Rodrigues (2010) , who also reported a higher number of spores in August (rainy season) than in January (dry season). Similar seasonal patterns in spore numbers were observed in other studies (Guitton 1996 , Martins et al. 1999 , Miranda & Miranda 1997 , with gradual increases in the spore numbers during the rainfall period, followed by decreases during the dry period. A potential explanation for this discrepancy could be that pot cultures impose an annual life cycle on AMF, whereas in the field a perennial life cycle of AMF may be maintained.
Variation in number of spores and percentage of root colonization between sites could be explained by different soil chemical and physical properties (Fitzsimons et al. 2008 , Bainard et al. 2014 ). In our study we observed a significantly positive correlation between soil pH and mycorrhizal colonization in the dry season. The effect of soil pH can be even more important than the host plant for selection of AMF species (Bainard et al. 2014) . However, there were no significant relationships between P-availability, which ranged from low to high (Phosri et al. 2010) and either spore number or root colonization, even though P availability usually has a major influence on mycorrhizal functioning.
There was no relationship between the percentage of AMF root colonization and number of AMF spores in dry season. The literature provides contrasting outcomes in this regard, with some studies reporting no significant relation between both mycorrhizal parameters (Brundrett 1991 , Zahka et al. 1995 , Brundrett et al. 1996 , Clapp et al. 1995 , Merryweather & Fitter 1998 , Paula & Siqueira 1987 , but others reporting a significantly positive correlation (Muthukumar & Udaiyan 289 2000, Muthukumar et al. 2003) . He et al. (2002) and Ragupathy & Mahadevan (1993) reported that when soil conditions are suitable for spore germination, mycorrhizal colonization increases and spore numbers decrease.
A total of 35 AMF species was obtained in the present study, belonging to 8 genera including Acaulospora (10 species), Dentiscutata (1 species), Entrophospora (1 species), Glomus (16 species), Gigaspora (3 species), Racocetra (1 species), Scutellospora (2 species) and Septoglomus (1 species). Similar results were obtained by Charoenpakdee et al. (2010) who reported, also on the basis of morphological identification of spores, 34 AMF species that were associated with physic nut (Jatropha curcas) in ten different sites in Thailand. The dominant genera were Glomus and Acaulospora. Rajkumar et al. (2012) reported that the genera Glomus and Acaulospora were dominant in the roots of medicinal plants in Karnataka, India. Urcoviche et al. (2014) reported that Glomus was the dominant genus in rhizosphere of medicinal and spice plants in Parana, Brazil, followed by Acaulospora. Our data also agree with the studies of Deotare et al. (2014) , Songachan et al. (2015) and Charoenpakdee et al. (2010) of the dominant AMF genera on Opuntia humifusa, Clerodendron and Jatropha curcas. Glomus mainly dominates in disturbed environments, such as agro-ecosystems, because their high sporulation rate enables rapid colonization of these environments (Caproni et al. 2003) . Acaulospora species are well adapted to low-pH soils in tropical regions (Sieverding 1991) . Next to their adaptation to the soil conditions (disturbance, low pH), two further factors explain their dominance. Bever et al. (1996) documented that Glomus and Acaulospora species produce smaller-sized and therefore more spores than Gigaspora and Scutellospora species in the same environment. Furthermore, Glomus and Acaulospora species require a shorter time to produce spores than Gigaspora and Scutellospora species (Hepper 1984 ).
Simpson's index of dominance (D) and Shannon-Wiener index of diversity (H') were highly significantly negatively correlated. The result of the present study was not supported by the findings of Kavitha & Nelson (2013) whose data show a non-significant negative correlation between both diversity assessments in ten rhizosphere soils of sunflower (Helianthus annuus). Surprisingly, calculation of the correlation between D and H' in the study by Charoenpakdee et al. (2010) from ten rhizosphere soils of physic nut (Jatropha curcas) in Thailand showed a highly significant positive correlation (P<0.001), however, we cannot exclude calculation errors in that latter study as suggested by the fact that all H' values were below 1.
